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Widespread Modulation of Cerebral Perfusion Induced
during and after Transcranial Direct Current Stimulation
Applied to the Left Dorsolateral Prefrontal Cortex
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Noninvasive neuromodulatory techniques such as transcranial direct current stimulation (tDCS) are attracting increasing interest as
potential therapies for a wide range of neurological and psychiatric conditions. When targeted to the dorsolateral prefrontal cortex
(DLPEC), anodal, facilitatory tDCS has been shown to improve symptoms in a range of domains including working memory, mood, and
pain perception (Boggio et al., 2008a; Dockery et al., 2009; Kalu et al., 2012). However, the mechanisms underlying these promising
behavioral effects are not well understood. Here, we investigated brain perfusion changes, as assessed using whole-brain arterial spin
labeling (ASL), during tDCS applied to the left DLPFC in healthy humans. We demonstrated increased perfusion in regions closely
anatomically connected to the DLPFC during anodal tDCS in conjunction with a decreased functional coupling between the left DLPFC
and the thalami bilaterally. Despite highly similar effects on cortical excitability during and after stimulation (Nitsche and Paulus, 2000,
2001), cortical perfusion changes were markedly different during these two time periods, with widespread decreases in cortical perfusion
being demonstrated after both anodal and cathodal tDCS compared to the period during stimulation. These findings may at least partially
explain the different effects on behavior in these time periods described previously in the motor system (Stagg et al., 2011). In addition,
the data presented here provide mechanistic explanations for the behavioral effects of anodal tDCS applied to the left DLPFC in terms of

modulating functional connectivity between the DLPFC and thalami, as has been hypothesized previously (Lorenz et al., 2003).

Introduction

Noninvasive neuromodulatory techniques are increasingly being
studied as potential adjunct therapies for a wide range of neuro-
logical and psychiatric conditions including pain, depression,
and stroke rehabilitation (Hummel et al., 2005; Fregni et al.,
2006b; Boggio et al., 2008b). Of these, transcranial direct current
stimulation (tDCS), shows special promise as it is well tolerated
and capable of inducing behavioral aftereffects lasting for at least
3 months (Reis et al., 2009). tDCS involves passing a constant 1-2
mA electric current for 10—20 min via two large electrodes placed
on the scalp, it can be targeted to a specific brain region via
electrode placement (Nitsche and Paulus, 2000), and the effects
of tDCS are polarity specific (Nitsche and Paulus, 2000).
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tDCS to the dorsolateral prefrontal cortex (DLPFC) has be-
havioral consequences on working memory, decision making,
depression, and pain (Fregni et al., 2006a; Fecteau et al., 2007;
Boggio et al., 2008a; Dockery et al., 2009; Kalu et al., 2012), mak-
ing it an important potential therapeutic tool in a variety of
conditions.

Previous studies have investigated the anatomical distribution
of primary motor cortex (M1) tDCS, with the second electrode
over the contralateral supraorbital ridge, using fMRI or PET to
image the effects of tDCS on task performance (Baudewig et al.,
2001; Lang et al., 2005; Stagg et al., 2009) or on the resting brain
(Lang et al., 2005; Polania et al., 2011; Zheng et al., 2011). In the
main, these studies suggest that tDCS modulates cortical activity
both within the region directly under the electrode and in closely
anatomically connected but spatially distant regions. However, it
is difficult to directly extrapolate these findings to therapeutic
DLPFC stimulation as modeling studies suggest the effects of
tDCS are highly dependent on underlying sulcal anatomy (Datta
et al., 2009).

Additionally, although the cortical excitability changes in-
duced by tDCS are virtually indistinguishable during stimulation
and in the poststimulation period (Nitsche and Paulus, 2000,
2001), the intracortical underpinnings of these effects differ con-
siderably (Nitsche et al., 2005), with the effects of tDCS during
stimulation largely driven by direct effects on membrane polarity
while changes after stimulation involve modulation of GABAer-
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gic and glutamatergic synapses (see Stagg and Nitsche (2011)).
However, no systematic investigation comparing cortical blood
flow changes between these two time windows has yet been
performed.

Here, we investigate cortical perfusion during and after 20
min of left DLPFC (L-DLPFC) tDCS using the novel fMRI ap-
proach of arterial spin labeling (ASL). ASL is primarily sensitive
to low-frequency signals (Aguirre et al., 2002) and is therefore the
ideal modality to detect blood flow changes induced by the
minutes-long tDCS protocols commonly used. We wished to
study both the spatial and temporal characteristics of L-DLPFC
tDCS to inform future studies of tDCS. It is important to note
that though we refer here to L-DLPFC tDCS, the effects of this
tDCS are likely driven by both the electrodes, and therefore
should be considered to be effects of the montage as a whole.

Materials and Methods

Twenty-four healthy right-handed subjects gave their informed consent
to participate in the study [Experiment 1, 12 subjects; 4 female; age
(mean * SD), 25.7 = 4.7 years; Experiment 2, 12 subjects; 2 female; age,
27.7 = 5.7 years]. Subjects were excluded if they had any neurological or
psychiatric disorders or contraindications to MRI or tDCS (Nitsche et al.,
2008).

Experiment 1
All subjects participated in two experimental sessions, one with anodal
tDCS and one with cathodal tDCS to L-DLPFC. The session order was
counterbalanced across the group, and sessions were separated by at least
1 week. Subjects were blinded as to the stimulation direction used.
tDCS was applied during fMRI acquisition using an MR-compatible sys-
tem (DC-Stimulator MR, Magstim). As in previous tDCS studies of the
L-DLPFC, one electrode was centered on F3 (Fregni et al., 2006a; Boggio et
al., 2008a; Boggio et al., 2008b), with the second electrode on the contralat-
eral supraorbital ridge. Two 5 X 7 cm electrodes with 5 k() resisters were
used with high-chloride EEG gel (Abralyt HiCl, EasyCap). Twenty minutes
of 1 mA tDCS was given with fade-in/fade-out periods of 10 s.

Experiment 2

All subjects participated in one experimental session with sham tDCS to
L-DLPFC. Sham tDCS was applied as in Experiment 1, but was switched
off after 30 s.

Image acquisition
Pseudocontinuous ASL was acquired on a 3T MRI system (Magnetom
Verio 3T, Siemens) using a 32-channel head coil. The ASL sequence used
GRAPPA (with a factor of 2) and applied a gradient-echo EPI readout
(TR, 3.21 s; TE, 11 ms; 7/8 k space). Twenty-eight axial slices were ac-
quired in ascending order (4 X 4 X 4.6 mm voxels) with an interslice gap
of 0.46 mm to give whole brain coverage. Using a time-of-flight scan of
the neck, we chose the optimal labeling plane for each subject at ~8 to 10
cm inferior to the center of the axial slices. Each labeling pulse lasted 1.4 s
and was followed by a postlabeling delay of 900 ms. A high-resolution
T1-weighted structural image was acquired (MPRAGE; TR, 2040 ms; TE,
4.68 ms; 192 axial slices; 1 X 1 X 1 mm resolution).

In each experimental session, a 10 min baseline scan (“baseline”) was
acquired. We then performed concurrent tDCS-fMRI for 20 min (“stim-
ulation”), followed by a 10 min acquisition after tDCS (“aftereffects”).

Image analysis

Analysis was performed using tools from the FMRIB software library
version 4.1.7 (http://www.fmrib.ox.ac.uk/fsl) (Smith et al., 2004; Wool-
rich et al., 2009). Standard preprocessing steps were applied: motion
correction using MCFLIRT (Jenkinson et al., 2002), nonbrain tissue re-
moval using Brain Extraction Tool (BET) (Smith, 2002), nonlinear high-
pass temporal filtering (o = 200s) (Chuang et al., 2008), and spatial
smoothing with a Gaussian kernel of 8 mm full-width at half-maximum
(Zhenget al., 2011). Time-series statistical analysis was performed using
FMRIB’s Improved Linear Model (FILM) with local autocorrelation cor-
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rection (Woolrich et al., 2001). Functional data were registered to each
subjects’ high-resolution T1 structural scan and then to the Montreal
Neurological Institute standard brain using FMRIB’s linear registration
tool (FLIRT) (Jenkinson et al., 2002).

At the first level, individual subject’s perfusion time series were gener-
ated by fitting a model of the relevant “tag” and “control” images to the
preprocessed four-dimensional data sets. Time series data within each
voxel were fit to the perfusion model to yield a resultant parameter esti-
mate image that was proportional to localized blood flow. To determine
the percentage signal change in cerebral blood flow (CBF) relative to each
experimental condition within each subject, a fixed-effects second-level
analysis was performed for each subject separately, whereby a model of
the baseline, stimulation, and aftereffects for both the anodal and cath-
odal tDCS sessions was convolved to each subject’s perfusion time series.
At the third level, a mixed-effects analysis was used to obtain group mean
activation maps for the main effect of each stimulus condition on
changes in CBF across the whole brain. Cluster-based thresholding was
used to find clusters of CBF changes showing effects with a significance
level of Z > 2.0 and p < 0.01. This sequence of analyses allowed us to take
into account both the differences in variances between the three scans
performed on the same day as well as differences across scan sessions
performed on different days (Stagg et al., 2009).

Functional connectivity analysis

To investigate changes in coupling from the L-DLPFC to other brain regions,
a functional connectivity analysis was performed. We first defined masks for
the L-DLPFC and the right frontopolar cortex (R-FPC), the cortical region
under the electrode placed over the right supraorbital ridge.

L-DLPFC. The L-DLPFC was based on cytoarchitectonic features that
included Brodmann areas 8A, 46, and 9/46, which have a well-developed
layer IV (Petrides and Pandya, 1999; Petrides, 2005). Area 9/46 was lo-
cated on the middle frontal gyrus and the inferior portion of the superior
frontal gyrus. Area 46 consisted of the middle part of the middle frontal
gyrus, anteriorly adjacent to area 10 (Petrides and Pandya, 1999). The
closely related Brodmann areas 9 and 8B were excluded due to the sparse
granular layer in their cytoarchitecture.

R-FPC. The R-FPC was based on cytoarchitectonic features that in-
cluded the lateral section of Brodmann area 10, consisting of the anterior
portions of the middle and superior frontal gyri (Christoff and Gabrieli,
2000). The superior and inferior borders are demarcated by the dorso-
lateral prefrontal and the orbitofrontal cortices, respectively.

For the whole-brain analysis, standard preprocessing steps were ap-
plied to the fMRI data as detailed above. Next, the perfusion time course
was derived using in-house scripts on a voxel-by-voxel basis, and the
mean perfusion time course within the L-DLPFC and R-FPC masks was
extracted for each mask and each scan separately and used as first-level
regressors for each subject and time period separately. Group-level anal-
yses were subsequently performed as described above.

Results

Brain perfusion changes during stimulation

To characterize the brain perfusion changes induced by tDCS, we
first investigated the differences in whole-brain perfusion between
the baseline and the stimulation scans [i.e., (tDCS;mulation —
tDCSpseline) |- Anodal tDCS led to an increase in perfusion in the left
primary sensory cortex (S1), midcingulate cortex, paracingulate cor-
tex, and left parietal cortex compared with baseline (Fig. 1A). Cath-
odal tDCS led to a decrease in perfusion in the thalami bilaterally,
and the right middle and inferior temporal gyri compared with base-
line (Fig. 1B).

To confirm that these changes were not driven by nonspecific
temporal drifts, we performed identical analyses on the sham exper-
iment. No significant differences were seen between the sham stim-
ulation and baseline or aftereffects time periods. To ensure that these
differences were not driven by differences in the baseline between the
two stimulation conditions, we directly compared the baseline ses-
sions (i.e., anodaly,ne — cathodal,,ine). No significant differ-
ences were demonstrated.
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was demonstrated in the left, stimulated
DLPFC and the paracingulate cortex (Fig.
1C). No regions of increased perfusion
were demonstrated with cathodal tDCS
compared with anodal tDCS.

To directly investigate the cortical per-
fusion changes under the stimulating
electrode, we performed an ROI-based
analysis of the L-DLPFC. Comparing the
change in perfusion from baseline in both
the stimulation and aftereffect periods for
anodal and cathodal tDCS, we saw a trend
toward a polarity-specific effect of tDCS
(main effect of polarity, F, ;) = 4.05,p =
0.06), which varied between the stimulation
and aftereffects scans (time by polarity in-
teraction, F; ;;, = 6.80, p = 0.024).

To investigate the temporal evolution
of the perfusion changes during stimula-
tion, we then divided the stimulation data
within the L-DLPFC ROI into three 10
min blocks (0-10, 5-15, and 10—-20 min;
Fig. 2). During tDCS, there was a trend
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Figure2.  Time course of perfusion changes during and after stimulation within the L-DLPFC.

A sustained increase in perfusion during anodal tDCS and a decrease in perfusion during cath-
odal tDCS were observed. Error bars indicate SEM.

To investigate polarity specific effects on whole-brain cerebral
perfusion, we directly contrasted the effects of anodal and cath-
odal stimulation [i.e., (anodaly;,jation — anodal,,ine) com-
pared to (cathodal,uiation cathodal, ;. j;n.)]. Increased
perfusion with anodal stimulation compared with cathodal tDCS

Brain perfusion changes during stimulation compared with baseline (n = 12; mixed effects, corrected cluster threshold, 7 >
2.0,p<0.01).A, Regions of increased perfusion during anodal stimulation [i.e., (anodaly; ,ation — N0l aseiine)- INCreases in perfusion
were seen in the left primary sensory cortex, midcingulate cortex, paracingulate cortex, and left parietal cortex. There were no regions of
decreased perfusion during anodal tDCS. B, Regions of decreased perfusion during cathodal stimulation [i.e., (cathodalgion — Cath-
odal, ,ciine)]- Decreases were seen in the thalami bilaterally and the right middle and inferior temporal gyri. No regions of increased
perfusion were seen during cathodal tDCS. €, Regions of increased perfusion during anodal tDCS compared with during cathodal tDCS [i.e.,
(anodalgiyiation — AN0alaefine) — (C@thodal G iation — C@thodal,cine)]- INcreased perfusion was seenin the L-DLPFCand the parac-
ingulate cortex. The perfusion changes within these regions are shown on the right. No regions of increased perfusion during cathodal tDCS

toward a polarity-specific increase in per-
fusion with anodal tDCS and decreased
with cathodal tDCS (main effect of polar-
ity, F111y = 3.64, p = 0.08), but this did
not vary significantly with time (main ef-
fect of time, F, ,,, = 1.60, p = 0.22; time
by polarity interaction, F(, ,,) = 0.03,p =
0.96), suggesting that the perfusion
changes were stable across the 20 min of
stimulation for both anodal and cathodal
tDCS.

We went on to investigate changes in
functional connectivity between the stim-
ulated DLPFC and other regions. During
anodal tDCS, there was an increase in
coupling between the L-DLPFC and the R-DLPFC and the left
sensorimotor cortex, and a decrease in coupling between the
L-DLPFC and the thalami bilaterally, the brain stem, and the
cerebellum (Fig. 3A). During cathodal tDCS there was a decrease
in coupling between the L-DLPFC and an extensive region of the
left temporal, parietal, and occipital lobes (Fig. 3B). No changes
in functional connectivity were observed between the R-FPC and
any other brain regions during either anodal or cathodal tDCS.

Cathodal

Brain perfusion changes after stimulation

Neurophysiologically, the magnitudes of the cortical excitability
changes induced by tDCS, as measured via transcranial magnetic
stimulation-evoked potentials, are highly similar during stimula-
tion and in the immediate afterstimulation period (Nitsche et al.,
2005). To explore the brain perfusion changes associated with
these excitability shifts, we investigated the differences in whole-
brain perfusion between the stimulation and the aftereffects pe-
riods [i.e., (tDCS,fererects — tDCSitimulation))- There was a
widespread decrease in perfusion in the frontal lobes bilaterally,
the cerebellum, and the precuneus after anodal tDCS compared
with during stimulation (Fig. 4A). To explore whether cortical
perfusion differed within these regions between the baseline
and stimulation scans (a question orthogonal to our initial
investigation of the data), we performed a post hoc t test that
showed no significant differences within these regions be-



11428 - J. Neurosci., July 10, 2013 - 33(28):11425-11431

tween baseline and stimulation (paired
ttest, £,y = 0.85,p = 0.41).

A widespread decrease in perfusion in
the occipital cortices and the cerebellum
was demonstrated after cathodal tDCS
compared with during stimulation (Fig.
4B). Again there was no change in perfu-
sion in these regions between the baseline
and stimulation periods (f,,) = 0.51,p =
0.61). No regions of increased perfusion
after either anodal tDCS or cathodal tDCS
were observed.

It is not clear how a polarity-specific
contrast could be interpreted in this
case. To investigate non-polarity-specific
perfusion changes after anodal and cath-
odal stimulation compared with during
tDCS, we performed a conjunction analysis
lie, (anodal,gerefrects anodal;mulation)
in addition to (cathodal g effects
cathodaly; ,ulaion)]- After both anodal
and cathodal tDCS stimulation, there
was a decrease in perfusion within the
cuneus, lingual gyrus, and primary vi-
sual cortices compared with during
stimulation (Fig. 4C).

We then compared perfusion changes
after stimulation with those during the
baseline condition [i.e., (tDCS fereffects —
tDCS, asetine) ]- There were no regions of sig-
nificantly increased activity after anodal
stimulation compared with baseline. Signif-
icant decreases in perfusion were seen after
anodal stimulation compared with base-
line in the frontal lobes and the precu-
neus bilaterally (Fig. 5A). There were no
regions of significantly increased activ-
ity after cathodal stimulation compared
with baseline. Significant decreases in
perfusion were seen after cathodal stim-
ulation compared with baseline in the
frontal and temporal lobes bilaterally
(Fig. 5B).

A previous study demonstrated in-
creased coupling between the stimulated
DPLFC and connected regions after an-
odal tDCS using BOLD fMRI (Keeser et
al., 2011). To compare our results to this
previous study, we contrasted functional
connectivity after stimulation to baseline
[i'e') (tDCSaﬁereffects - tDCSbaseline)]' In-
creased coupling with the L-DLPFC was
demonstrated after anodal tDCS com-
pared with baseline in the primary senso-
rimotor cortices bilaterally (Fig. 6). No
changes in coupling with the L-DLPFC
were demonstrated after cathodal tDCS.

Discussion

This study was designed to answer two
specific questions as to the optimal use of
L-DLPEC tDCS as a therapeutic interven-
tion: What effect does tDCS applied to the
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Figure3. Functional connectivity analysis from the stimulated L-DLPFC (n = 12; mixed effects, corrected cluster thresh-
old, Z> 2.0, p < 0.01). A, Regions of altered functional connectivity during anodal stimulation [i.e., (anodalmuation —
anodalyqjine)]- Significant increases in connectivity (in red/yellow) were seen between the L-DLPFCand the R-DLPFCand
the left sensorimotor cortex. A significant decrease in connectivity (in blue) was seen between the L-DLPFCand the thalami
bilaterally. B, Regions of decreased functional connectivity during cathodal stimulation [i.e., (cathodalyyiaion — Cath-
odaly,.ine)]- Decreased functional connectivity was observed between the L-DLPFC and an extensive region in the left
temporal, parietal, and occipital lobes. R, Right.
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Figure 4.  Regions of decreased perfusion after stimulation compared with during stimulation [i.e., (tDCS qereffects —
tDCSgimutation)s 1 = 12; mixed effects, corrected cluster threshold, Z > 2.0, p < 0.01]. A, Regions of decreased perfusion
after anodal tDCS. Decreased perfusion can be seen in the frontal lobes bilaterally, the cerebellum, and the precuneus.
Mean cortical perfusion within these regions at each time point is shown on the right. B, Regions of decreased perfusion
after cathodal tDCS. Decreased perfusion can be seen in widespread regions, including the occipital cortices and the
cerebellum. Mean cortical perfusion within these regions at each time point is shown on the right. €, Conjunction analyses
of A and B [i.e., (anodal,qerefrects — aN0alsimutation) + (€athodal qererects — €athodalggmuation)]- Both anodal and
cathodal tDCS led to a decrease in perfusion within the cuneus, lingual gyrus, and primary visual cortices compared with
during stimulation. R, Right.
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A

Figure 5.  Regions of decreased perfusion after stimulation compared with during stimula-
tion [i.e., (tDCS, prerefrects — IDCShasetine)s 7 = 12; mixed effects, corrected cluster threshold, 7>
2.0,p << 0.01]. A, Regions of decreased perfusion afteranodal tDCS. Decreased perfusion can be
seenin the frontal lobes and the precuneus bilaterally. For ease of comparison, the results of
the contrast (anodal,gerefrects — aN0dalgmuiation) are shown in green. B, Regions
of decreased perfusion after cathodal tDCS. Decreased perfusion can be seen in the frontal
and temporal lobes bilaterally. For ease of comparison, the results of the contrast
(cathodal — cathodal are shown in purple. R, Right.

aftereffects stimulatiun)

3.2

X=0

Figure 6.  Functional connectivity analysis from the stimulated L-DLPFC (n = 12; mixed
effects, corrected cluster threshold, Z > 2.0, p << 0.01), showing regions where coupling is
altered after stimulation compared with before [i.e., (anodal, geefreces — an0dalyyceiine)]- In-
creased coupling after anodal tDCS compared with baseline was observed in the primary sen-
sorimotor cortices bilaterally. R, Right.

DLPEC have on cortical perfusion patterns? And do the cortical
perfusion changes seen during stimulation continue after stimu-
lation has ceased?

We demonstrated widespread perfusion changes associated
with both anodal and cathodal tDCS applied to L-DLPFC.
During stimulation, anodal tDCS, which increases cortical ex-
citability, led to increased perfusion within brain regions
closely structurally connected to the L-DLPFC. Cathodal
tDCS, which decreases cortical excitability, led to decreased
perfusion within the thalami bilaterally. The effects of stimu-
lation on the stimulated, left DLPFC were polarity specific:
directly contrasting perfusion changes with anodal and cath-
odal tDCS demonstrated polarity-specific perfusion increases
during anodal tDCS compared with cathodal stimulation
within the stimulated region. This finding is in line with ani-
mal studies suggesting an increase in perfusion with anodal
tDCS and a decrease with cathodal tDCS under the stimulating
electrode (Wachter et al., 2011).
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The DLPFC has been suggested previously as a therapeutic
target in chronic pain because activity here correlates negatively
with the perceived intensity and unpleasantness of a painful stim-
ulus, an effect hypothesized to be mediated by a top-down inhi-
bition of the midbrain—thalamic pathway (Lorenz et al., 2003).
Interventions such as anodal tDCS, which increase activity within
the DLPFC, have been demonstrated to alleviate painful experi-
ences (Boggio et al., 2008a; Short et al., 2011), putatively via an
indirect, inhibitory effect on the thalamus, which in turn likely
influences descending pain modulatory systems in the brainstem.
The decreased coupling between L-DLPFC and thalamus ob-
served here during anodal tDCS supports this role for the DLPFC
and offers a possible mechanistic explanation for at least some of
the analgesic effects of anodal stimulation. However, as with all
tDCS experiments, the effects of L-DLPFC tDCS demonstrated
here are likely to be specific to the tDCS montage used. We chose
this tDCS montage because it has most commonly been used for
previous studies, but it may be that placing the right orbitofrontal
electrode in another position would result in different effects.

We used ASL to investigate the effects of tDCS on the brain as
itis primarily sensitive to low-frequency signals and can therefore
be used to investigate perfusion changes both during and after a
therapeutically relevant stimulation paradigm. One previous
study used ASL to investigate perfusion changes during tDCS
targeted to M1 (Zheng et al., 2011). Zheng et al. (2011) demon-
strated a trend toward an increase in perfusion during anodal
tDCS within the stimulated cortex, as seen here, their results only
becoming significant when compared to changes induced within
a control brain region. They also observed an increase in perfu-
sion during cathodal tDCS, albeit smaller than that after anodal
tDCS. However, it is difficult to directly compare the results of
this previous study with those presented here as Zheng et al.
(2011) studied the effects of repeated, short sessions of tDCS.
Cortical excitability changes induced by repeated tDCS interven-
tions are more complex than those induced by a single stimula-
tion period (Fricke et al., 2011), and a cathodal tDCS protocol
similar to that used by Zheng et al. (2011) was demonstrated
previously to lead to an increase in cortical excitability (Fricke et
al., 2011), making interpretation of these results complex.

A previous BOLD fMRI study of anodal DLPFC tDCS dem-
onstrated an increase in resting functional connectivity after
stimulation within networks that included the DLPFC compared
with baseline (Keeser et al., 2011). Here, we saw increases in
functional connectivity due to anodal tDCS between the
L-DLPFC and the primary sensorimotor cortices bilaterally. This
discrepancy may be explained by the differing acquisition and
analysis approaches of these two studies, but the finding that
tDCS leads to an increase coupling between L-DLPFC and M1
may add a mechanistic explanation for the analgesic effects of
anodal M1 tDCS (Fregni et al., 2006a,b; Boggio et al., 2008a).

The polarity-specific cortical excitability changes induced by
tDCS are highly similar during stimulation and in the immediate
afterstimulation period (Nitsche et al., 2005) at least within M1,
when a single application of up to 2 mA and 20 min is adhered to.
All previous L-DLPFC tDCS studies referenced here used stimu-
lation parameters within these limits, but longer durations of
anodal stimulation have been demonstrated to lead to a decrease
in cortical excitability (Monte-Silva et al., 2013), suggesting that
the effects of tDCS may be critically dependent on parameters of
stimulation used.

Although not studied in depth for the electrode montage used
here, the previously described behavioral effects of tDCS in the
classical M1 montage (Nitsche and Paulus, 2000) during these
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time periods are very different. During stimulation, anodal tDCS
leads to an improvement in a number of different motor learning
paradigms (Nitsche et al., 2003; Reis et al., 2009; Galea and Cel-
nik, 2009; Stagg et al., 2011). After stimulation, anodal tDCS leads
either to a decrement in learning (Stagg et al., 2011) or has no
effect (Kuo etal., 2008). Cathodal tDCS has variously been shown
to worsen motor learning, both during and after stimulation
(Staggetal., 2011), or to have no significant effects (Nitsche et al.,
2003; Reis et al., 2009).

In line with these differing behavioral effects, the cortical per-
fusion changes induced by tDCS during and after stimulation
were significantly different. We demonstrated widespread de-
creases in cortical perfusion after anodal tDCS compared with
during stimulation in an anatomical distribution similar to that
of the default mode network (DMN). Direct post hoc testing re-
vealed no significant increase in perfusion within these regions
during stimulation compared with baseline. This decrease in per-
fusion within regions associated with the DMN after anodal tDCS
might suggest that an increase in cortical excitability within the
DLPFC induced by anodal tDCS leads to a subsequent distur-
bance of the integrity of the DMN. Whatever the underlying
mechanism, importantly for the purposes of using anodal tDCS
as a potential adjunctive therapy, this finding would suggest that
the timing of tDCS with another intervention may be important
when considering the potential therapeutic benefits of tDCS, al-
though the exact timing dependence has yet to be fully explored.

In conclusion, to our knowledge, this study is the first to ex-
amine cortical perfusion changes associated with L-DLPFC
tDCS, a potential therapeutic target for conditions including
chronic pain. We have demonstrated widespread cortical perfu-
sion and functional coupling changes in regions closely anatom-
ically connected to the DLPFC during anodal tDCS, in particular
a decrease in functional connectivity with the bilateral thalami,
adding weight to the hypothesis that the DLPFC modulates pain
via a decrease in thalamic activity. The results presented in this
paper add to a conceptual framework on the mechanisms of
tDCS and inform our use of tDCS targeted to the DLPFC as a
potential adjunctive therapy.
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